ABSTRACT Large-scale Þeld efÞcacy trials of methoxyfenozide (Intrepid), a reduced-risk molting agonist insecticide, were conducted in 2004 and 2005 in an orchard containing ÔNonpareilÕ and ÔSonoraÕ almonds [Prunus dulcis (Mill.) D.A. Webb] located in Kern County, CA. Methoxyfenozide applied one to three times, the organophosphate phosmet (Imidan) alone or in combination with methoxyfenozide, or the pyrethroid permethrin (Perm-Up) were tested for efÞcacy against the primary lepidopteran pest navel orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), and three other lepidopteran pests of almond: oriental fruit moth, Grapholita molesta (Busck); obliquebanded leafroller, Choristoneura rosaceana (Harris); and peach twig borer, Anarsia lineatella Zeller. Two or three applications of methoxyfenozide (bracketing hull split or spring plus bracketing hull split) were more effective than a single hull split application of phosmet, phosmet combined with permethrin, or methoxyfenozide. In these trials, a spring application followed by a posthull split application was as effective as the applications bracketing hull split. Navel orangeworm accounted for Ͼ60% of the total damage, whereas oriental fruit moth and peach twig borer were the dominant secondary pests. In experiments conducted in 2010 to assess the direct toxicity of methoxyfenozide to navel orangeworm eggs under Þeld conditions, exposure to methoxyfenozide reduced survival by 96 Ð99%. We conclude that this reduced-risk insecticide is effective, although its efÞcacy is maximized with more than one well-timed application.
Almonds [Prunus dulcis (Mill.) D.A. Webb] in California are grown on Ͼ338,057 ha and have a current farmgate value Ͼ$3.46 billion (USDAÐNASS 2012) . This crop ranks as the stateÕs number one export commodity. The San Joaquin Valley produced 84.9% of the total crop in 2010. Kern County, located in the southern San Joaquin Valley, is the largest producer (nearly 21% of the total production). Although there are Ͼ10 cultivars grown, a single soft shell cultivar, ÔNonpareilÕ, accounted for 38.6% of the total production by weight (Almond Board of California 2010). The current cultivars are not self-compatible and must be planted with a compatible pollenizing cultivar. These cultivars differ in date of maturation and shell qualities, including strength and seal (Crane and Summers 1971 , Soderstrom 1977 , Ledbetter 2008 ; hull split date and shell seal are major factors in cultivar susceptibility to navel orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), infestation (Hamby et al. 2011) . Consequently an almond orchard is a mosaic with regard to nut maturation and vulnerability to insect damage. In addition to navel orangeworm, the primary pest, almonds in California also are infested by peach twig borer, Anarsia lineatella Zeller (Lepidoptera: Gelechiidae), that frequently causes economic damage to almond in the Sacramento Valley, and two occasional pests, the oriental fruit moth, Grapholita molesta (Busck) (Lepidoptera: Tortricidae), and the obliquebanded leafroller, Choristoneura rosaceana (Harris) (Lepidoptera: Tortricidae) . During the late 1970s through the early 1980s, navel orangeworm devastated the almond crop, causing average damage as high as 8.8% in 1978 Barnes 1977, Almond Board of California 1978) . Currently, as part of a program to increase quality and value of the crop, the industry strives to keep navel orangeworm damage below 1.5%.
Navel orangeworm feeding causes direct damage to the kernel; this damage is associated with aßatoxin contamination of almonds (Schatzki and Ong 2001) . Typically, the Þrst moth ßight, whose females oviposits on unharvested nuts from the previous year (mummies), is prolonged and may begin as early as late January in Kern County and end in late June . Subsequent generations with ßights extending through November cause damage when they infest the new crop nuts after hull split. Overwintering peach twig borer larvae damage the trees by attacking young shoots; later generation larvae damage the kernels. Nut damage by peach twig borer also increases the likelihood of navel orangeworm infestation (Higbee and Siegel 2009) , and navel orangeworm damage often masks previously occurring peach twig borer damage. First and second generation oriental fruit moth larvae damage the tree by feeding on young shoots; third and fourth generation larvae can cause direct damage by feeding on the kernel after hull split. Obliquebanded leafroller overwinters as a larva and causes damage to the tree and nut earlier in the season during the bloom period by feeding on buds, blooms, and developing fruit. The summer cohort of obliquebanded leafroller can damage the kernel during the posthull split period. When assessing the potential for populations of these lepidopteran larvae to cause damage to almonds during the season, it is important to distinguish between infestation and damage. The outermost portion of the fruit is a ßeshy hull that surrounds the shell, protecting the kernel. In the course of maturation, the hull dehisces, exposing the nut, and depending on cultivar, the shell may be hard or soft. After the almonds are harvested, a dehuller removes the hulls and the larvae infesting them, and only the nuts are scored for damage during Þnal processing. Consequently, lepidopteran pest population levels may be underestimated because the larvae infesting the hull are not counted. In addition, severely damaged nuts may be removed during early stages of processing before the damaged kernel can be scored, also resulting in an underestimate of the damage produced by the pest populations.
Currently, the foundation for navel orangeworm management is a combination of cultural and chemical control. Cultural control consists of orchard sanitation during the winter and early harvest (Wade 1961 , Curtis et al. 1984 , Connell et al. 1989 . The removal and destruction of mummies from the trees greatly reduce the overwintering population and subsequent navel orangeworm damage (Higbee and Siegel 2009 ), whereas early and rapid harvest shortens the period when almonds can be infested (Curtis et al. 1984 , Connell et al. 1989 . Orchard sanitation does not signiÞcantly affect overwintering larvae of oriental fruit moth, obliquebanded leafroller, or peach twig borer that harbor within protected spots in the bark, but it does remove oriental fruit moth larvae overwintering in leaf litter . When these methods do not provide effective management, residual insecticides are applied one to three times at various stages of nut development, with the application timing depending on the pest species . If only one spray is planned, it is usually timed around the critical period surrounding hull split when the nutmeats are most vulnerable.
Implementation of the 1996 Food Quality Protection Act resulted in the cancellation/restriction of many organophosphate insecticides. The use of the organophosphate azinphos-methyl, once the mainstay insecticide in nut crops, was eliminated in California in 2007 (California Department of Pesticide Regulation 2007). Consequently, there has been increased interest in organophosphate alternatives, reduced-risk insecticides, or both (reviewed by Zalom 2005, Grafton-Cardwell et al. 2005) . Methoxyfenozide, a selective diacylhydrazine molting agonist (Dhadialla et al. 1998 , Carlson et al. 2001 ) that is also toxic to lepidopteran eggs (Borchert et al. 2004a (Borchert et al. , 2004b , was registered in 2003 in California (California Department of Pesticide Regulation 2007), and its use has increased dramatically over the past 9 yr.
There have been no published large scale Þeld efÞcacy trials for methoxyfenozide used to control navel orangeworm or other lepidopteran pest of almonds, although there have been single walnut tree trials with codling moth , 2006 as well as laboratory studies on the effect of methoxyfenozide on oriental fruit moth (Borchert et al. 2004a (Borchert et al. , 2005 Reinke and Barrett 2007) . The main objective of our study was to quantify the effects of single or multiple applications of methoxyfenozide against lepidopteran pests of almonds, examining both infestation and damage, in comparison with that of the broad-spectrum organophosphate phosmet, alone or in combination with the pyrethroid permethrin. Additional objectives were to assess the effects of timing of these materials, and determine the toxicity of methoxyfenozide to navel orangeworm eggs in the Þeld.
Materials and Methods
Study Site. All insecticide efÞcacy trials were conducted in a 20-yr-old triangular 113.3-ha planting of Nonpareil and ÔSonoraÕ almonds in Kern County, CA, bounded by a road on the south, almond orchards on the west, and a railroad running diagonally on the east side. Almond orchards were also present on the far side of the railroad tracks. This planting had a history of severe navel orangeworm damage for several years. The Nonpareil almonds were planted in alternating rows with the slightly earlier blooming Sonora almonds.
2004 Treatments and Experimental Design. Treatments were targeted against the primary pest, navel orangeworm; management for this pest typically includes a spray timed around the initiation of hull split, when 1Ð5% of Nonpareil nuts have been observed to split. In addition, a spring spray targeting neonate larvae hatching from eggs laid by overwintering adults may be warranted; it is timed just as oviposition is observed to increase on egg traps. A third spray after hull split may be necessary to target neonate larvae of the second generation, which generally occurs at Ϸ1,165 degree-days ([DD]; Celsius) (2,100 DD Farenheit). The four treatments consisted of 1) an untreated control; 2) a single hull split tank mixture application of phosmet and permethrin (Imidan 70 WSB, Gowan Company, Yuma, AZ, and Perm-Up 3.2 EC, United Phosphorus, Inc., King of Prussia, PA, respectively) applied at rates of 4.16 kg (AI)/ha and 0.11 kg (AI)/ha, respectively, on 6 July (908 DD); 3) two applications of methoxyfenozide (Intrepid 2 F, Dow AgroSciences, Indianapolis, IN) applied at hull split on 6 July at a rate of 0.28 kg (AI)/ha and posthull split at a rate of 0.21 kg (AI)/ha on 20 July (1,091 DD); and 4) three applications of methoxyfenozide applied 24 April (219 DD) at a rate of 0.21 kg (AI)/ha, at hull split on 6 July at a rate of 0.28 kg (AI)/ha, and posthull split on 20 July at a rate of 0.21 kg (AI)/ha. All applications were air-blast foliar sprays at 1,871 liters/ha with 0.0625% Exit surfactant (Miller Chemical and Fertilizer Company, Hanover, PA) , and a tractor speed of 4.02 km/h (2.5 miles/h). Routine orchard sanitation was performed throughout the experimental period. The experimental design was a randomized complete block containing plot sizes of 4 Ð 8 ha. There were 20 plots (Þve treatments) in total. The treatments were replicated four times and the data combined for analysis. Two egg traps were placed in each plot to monitor navel orangeworm oviposition, with one trap in the northwest quadrant and one trap in the southeast quadrant. Likewise, two bucket traps were placed in each plot to monitor adult female navel orangeworms, with one trap in the northeast quadrant and one trap in the southwest quadrant. The egg traps were standard egg traps from Tré cé , Inc. (Adair, OK) baited with almond meal (Rice 1976 , and bucket traps were baited with almond meal as an oviposition attractant. A 2.5-cm length of Vaportape II (Hercon Environmental, Emigsville, PA) was placed in each bucket trap to kill the moths and was replaced every 4 wk. Traps were placed at least 10 rows or Ϸ76 m apart. All baits were changed weekly.
2005 Treatments and Experimental Design. Treatment timings in 2005 were similar to those in 2004, with the primary target of navel orangeworm larvae. The eight 2005 treatments consisted of 1) an untreated control, 2) a single hull split application of phosmet sprayed on 15 July (898 DD) at a rate of 4.16 kg (AI)/ha, 3) two applications consisting of a hull split application of phosmet sprayed on 15 July at a rate of 4.16 kg (AI)/ha followed by a posthull split application of methoxyfenozide on 3 August (1,188 DD) at a rate of 0.28 kg (AI)/ha, 4) a single hull split application of methoxyfenozide applied on 15 July at a rate of 0.28 kg (AI)/ha, 5) a single posthull split application of methoxyfenozide applied on 3 August at a rate of 0.28 kg (AI)/ha, 6) two treatments of methoxyfenozide applied at hull split on 15 July and posthull split on 3 August at a rate of 0.28 kg (AI)/ha, 7) three treatments of methoxyfenozide applied on 12 May (246 DD) followed by a hull split application on 15 July and posthull split application on 3 August at a rate of 0.28 kg (AI)/ha, and 8) two applications of methoxyfenozide applied on 12 May and posthull split on 3 August at a rate of 0.28 kg (AI)/ha. All applications were airblast foliar sprays at 1,871 liters/ha with Exit surfactant at a 0.0625% rate and a tractor speed of 4.02 km/h (2.5 miles/h). The experimental design was a randomized complete block containing plots of 8.1 ha. There were 24 plots (eight treatments) in total. Each treatment was replicated three times. Two navel orangeworm monitoring traps consisting of a standard egg trap baited with almond meal and a trap containing three live virgin females to capture males Brandl 2004, Burks et al. 2008) were placed at six locations in the borders of the plots, for 12 traps in total, distributed equally within the study area. Virgin females and almond meal baits were replaced weekly.
Pest Monitoring and Damage Assessment. In 2004, the numbers of eggs and moths collected in the traps were recorded weekly from 19 April to 27 September. Hulls and kernels (nutmeats) were examined for infestation (larvae penetrating the hull but not damaging the nutmeat) and nutmeat damage by navel orangeworm, peach twig borer, oriental fruit moth, and obliquebanded leafroller, by using the published damage criteria for each species (Strand 2002 . The Nonpareil almonds were harvested (shaken from the trees) on 18 August and up to 600 nuts were collected from Þve to eight locations within each plot (3,000 Ð 4,800 nuts maximum) and evaluated as described above. The Sonora almonds were harvested on 31 August and up to 200 nuts were collected from Þve to eight locations within each plot (1,000 Ð 1,600 nuts maximum). The 2004 data sets comprised 86 Nonpareil samples totaling 55,354 nuts and 86 Sonora samples totaling 23,104 nuts. For both cultivars, there were 18 nut samples taken from control plots, 32 samples from phosmet ϩ permethrin plots, 18 samples from plots with methoxyfenozide applied two times, and 18 samples from plots with methoxyfenozide applied three times.
In 2005, the number of eggs and moths collected in the traps were recorded weekly from 3 March to 6 October. At harvest, samples of 600 Ð 800 nuts were collected from six locations within each plot for a maximum of 4,200 nuts per plot. Nonpareil nuts were collected on 26 August and 2 September and Sonora nuts on six and 12 September. The 2005 data sets comprised 150 Nonpareil samples totaling 105,769 nuts (including 24 samples from control plots and 18 samples from all other treatments) and 144 Sonora samples totaling 100,460 nuts (18 samples from each treatment). In 2005, whereas nutmeats were evaluated for infestation and damage, only damage data are presented here.
Methoxyfenozide Toxicity to Navel Orangeworm Eggs. Two trials were conducted in almond orchards located in Madera and Fresno Counties in 2010, on 22 July and 1 September, respectively. Eggs from line SPIRL-1966 (Siegel and Kuenen 2011 ) laid on paper towels were cut into strips containing 50 eggs each (n ϭ 5,200 and 4,100 eggs, for each location, respectively). The strips were pinned onto almonds at a height between 1.5 and 3 m Ϸ1Ð3 h before the application by airblast sprayer. Methoxyfenozide rates used were 0.24 kg (AI)/ha in Madera County and 0.28 kg (AI)/ha in Fresno County, at 934.9 liters/ha and a tractor speed of 4.02 and 3.23 km/h, respectively. Control egg strips were pinned onto almonds in adjacent untreated rows. All egg strips were collected 24 h after application and placed in petri plates on bran diet in an incubator maintained at 30ЊC. Survival at 3 wk was determined by counting the number of larvae in the bran diet. The outcome variable is a combination of direct ovicidal activity (no emergence from the egg) combined with neonate mortality (successful emergence and death occurring Ͻ1 cm from the egg.
Statistical Analysis. All statistical analyses, including correlations between infestation and damage, regression analyses, analysis of variance, and chi-square test, were performed with JMP version 7.0 (SAS Institute, Cary, NC). To determine correlation between nut damage and infestation, all data from nut samples, separated by cultivar, were examined. The differences in infestation and damage among treatments were evaluated using multiple regression analysis with orthogonal contrasts (Cohen and Cohen 1983) . Differences in number of larvae surviving after emergence from methoxyfenozide-exposed and untreated eggs were analyzed by chi-square test.
Degree-Day Calculation. Degree-days were determined with the UC IPM online calculator (http:// www.ipm.ucdavis.edu/WEATHER/index.html), by using a lower threshold value of 12.78ЊC and an upper threshold value of 34.44ЊC. BioÞx dates were 15 March 2004 and 10 March 2005. Temperature data were obtained from the CIMIS 5 station, Shafter, Kern County, CA (Fig. 1) .
Results
Navel Orangeworm Egg and Moth Phenology. In 2004, there were several peaks of oviposition and female capture, with the Þrst peak in early May (367 DD) and the second peak in late July (1,177 DD; Fig.  2 ). A third fairly broad peak in oviposition was observed in August between 1,344 and 1,528 DD. A fourth peak of oviposition was noted around midSeptember (1,788 DD). Female moth capture was very low in the bucket traps and only reached a high of Ϸ1.6 moths per trap during the middle of August at 1,440 DD (Fig. 2) .
In 2005, there were multiple peaks of oviposition as in 2004, with the Þrst peak in mid-May (246 DD), a second broader peak noted during August and early September (between 1,202 and 1,648 DD), and a third peak beginning in late September (1,757 DD; Fig. 3 ). The virgin female-baited moth traps proved more attractive to male moths than the almond meal baited bucket traps were to females in 2004, and there were three distinct peaks of male ßight activity detected in late May (372 DD), mid-July (882 DD) and beginning in late August (1,482 DD) extending through September (Fig. 3) . In contrast to the egg trap counts, male moths were captured continuously from March through September.
Relationship Between Infestation and Damage in Nonpareil Almonds and Contribution of Navel Orangeworm to Total Damage in Both Cultivars, 2004. Total Nonpareil infestation was 8.25% and damage from all Lepidoptera was 6.62% (Table 1) . The correlation between these variables was 0.98, indicating that in almost every instance, feeding occurred on both the hull and the nutmeat. This correlation was highest for navel orangeworm (0.99) and lowest for obliquebanded leafroller (0.86) ( Table 1) . Navel orangeworm and oriental fruit moth accounted for 89% of the total Nonpareil damage; damage by peach twig borer was negligible.
In Sonora almonds, damage from all Lepidoptera was 15.63%, and navel orangeworm and oriental fruit moth accounted for Ͼ90% of the total damage (Table  1) . There was very little peach twig borer damage recorded in Sonora almonds. Overall damage in Sonora nuts was more than twice the damage observed in Nonpareil nuts.
Efficacy of Methoxyfenozide Contrasted with Phosmet ؉ Permethrin in Nonpareil Almonds, 2004. All insecticide treatments signiÞcantly reduced damage by navel orangeworm, oriental fruit moth, and obliquebanded leafroller (Table 2) . Although a signiÞcant treatment effect was found (Table 2), damage by peach twig borer was negligible in both treated and control plots, and efÞcacy of insecticide treatments could not be assessed for this insect. The greatest reduction in both total lepidopteran and navel orangeworm damage (75.5 and 67.6%, respectively) occurred when methoxyfenozide was applied in April, at hull split, and 14 d posthull split. All insecticide treatments reduced damage by oriental fruit moth but were indistinguishable. For obliquebanded leafroller, a single treatment of phosmet ϩ permethrin was ineffective, whereas multiple treatments of methoxyfenozide reduced damage by 66 Ð 88%.
Efficacy of Methoxyfenozide Contrasted With
Phosmet ؉ Permethrin in Sonora Almonds, 2004. All insecticide treatments signiÞcantly reduced damage by navel orangeworm, oriental fruit moth and obliquebanded leafroller (Table 2 ). There was negligible peach twig borer damage in all plots; therefore, efÞ-cacy of treatments could not be assessed for this insect. The greatest reduction in total lepidopteran and navel orangeworm damage (both 73%) occurred when methoxyfenozide was applied three times. All insecticide treatments reduced damage by oriental fruit moth (by as much as 76%) and obliquebanded leafroller (by as much as 63%) but did not differ from each other. 
Contribution of Navel Orangeworm to Total Damage in Both Cultivars, 2005.
In Nonpareil almonds, overall damage was 5.04%; navel orangeworm and peach twig borer accounted for Ϸ78% of this damage (Table 3) . In Sonora almonds, damage from all Lepidoptera was 3.2%; navel orangeworm and oriental fruit moth accounted for 86.9% of the total damage (Table 3 ). There was negligible obliquebanded leafroller damage recorded in both cultivars. Overall damage in Sonora nuts was 37% lower than damage in Nonpareil nuts.
Efficacy of Single and Multiple Applications of Methoxyfenozide or Phosmet Followed by Methoxyfenozide in Nonpareil Almonds, 2005.
Single treatments of either methoxyfenozide or phosmet did not significantly reduce damage, with the exception of the hull split applications for obliquebanded leafroller, which reduced damage by 49 Ð53% (Table 4) . Applications of methoxyfenozide in May, followed either by a hull split and posthull split or only by a posthull split insecticide application produced the greatest total and navel orangeworm damage reduction, 60 and 47.8%, respectively. For peach twig borer, the only treatments that were effective included a May application, and these regimes reduced damage by 60.5%. For oriental fruit moth, although all multiple applications reduced damage, applications of methoxyfenozide at hull split and posthull split were more effective (as much as 76% damage reduction) than application of phosmet at hull split and methoxyfenozide posthull split, which only reduced damage by 26%. For obliquebanded leafroller, all hull split applications were efÞ-cacious. The greatest reduction in obliquebanded leafroller damage was achieved in the plots treated with two or three applications of methoxyfenozide, 93 and 87% reduction, respectively.
Efficacy of Single and Multiple Applications of Methoxyfenozide or Phosmet Followed by Methoxyfenozide in Sonora Almonds, 2005. All treatments reduced damage and multiple applications that included a May treatment reduced total damage the most by 68.7% (Table 5 ). For both navel orangeworm and oriental fruit moth, multiple applications of insecticide were more efÞcacious than a single hull split application; the effects of multiple applications were similar between species. Among the single applications, al- Means Ϯ SEM within a column followed by a different letter are signiÞcantly different at P Ͻ 0.05. a Treatments were applied April, at hull split (HS) and 14 d posthull split (PHS) (df ϭ 3, 82).
though both the hull split and posthull split applications reduced damage by oriental fruit moth, the posthull split application was the least effective (31% reduction). For peach twig borer, every insecticide treatment was similarly effective, reducing damage by 41Ð72%. Obliquebanded leafroller caused minimal damage and differences among treatments could not be assessed.
Ovicidal and Neonate Activity of Methoxyfenozide. In the July application, 1,400 control eggs produced 1,226 larvae at 3 wk (87.6% survival), whereas eggs exposed to methoxyfenozide at 0.24 kg (AI)/ha produced signiÞcantly fewer larvae; 3,800 eggs produced 29 larvae (0.76% survival), a reduction of 99.1% compared with the control ( 2 ϭ 4, 211; P Ͻ 0.0001). In the September trial, 2,300 control eggs produced 1,133 larvae (49.3% survival), whereas eggs exposed to methoxyfenozide at 0.28 kg (AI)/ha produced signiÞ-cantly fewer larvae; 1,800 treated eggs produced 33 larvae (1.8% survival), a reduction of 96.3% compared with the control ( 2 ϭ 1,116; P Ͻ 0.0001). Sanderson et al. (1989) observed yearly differences in oviposition patterns in Kern County because of differences in weather patterns. The difference we observed between 2004 and 2005 was due in part to the comparatively lower temperatures in the spring of 2005, which delayed oviposition and larval development (Fig. 1) . In this study, timing of insecticide applications was mostly based on peaks of navel orangeworm oviposition observed from the egg trap data. In 2004, the 24 April insecticide treatment occurred before the oviposition peak of the emergent overwintering navel orangeworm cohort (Þrst ßight), and the hull split insecticide treatments on 6 July were made before the next oviposition peak in late July (second ßight, Þrst generation of the new crop year), which overlapped the posthull split application. In 2005, although eggs were collected as early as late March, oviposition did not peak until mid May, which determined the 12 May insecticide treatment. There were no eggs collected between June and early August, although there was a peak in male collection in mid July. The hull split application on 15 July coincided with this peak. In retrospect, based on male trap captures and age distribution of immature navel orangeworm in harvest samples, the 15 July application might have been more efÞcacious if applied 1Ð2 wk earlier.
Discussion
In the 2005 Nonpareil harvest samples, Ϸ10% of the larvae were derived from eggs laid before 15 July (B.S.H., unpublished data). The posthull split application coincided with the initiation of the August peak in male capture.
Egg traps were effective in monitoring oviposition activity of the Þrst and third ßight (second generation of the new crop year) but were ineffective for monitoring the second ßight. This second ßight, which primarily consists of progeny of the Þrst generation but may include part of the overwintering cohort , occurs during the period in which the Nonpareil hull is splitting. It has been suggested that the attraction of relatively few egg traps is outcompeted by the millions of split new-crop nuts (Rice 1976 ). However, more recent studies have indicated that adult navel orangeworm populations are indeed relatively low during this time and may be difÞcult to detect by egg traps (Burks et al. 2008 ). This is a critical transitional period in the navel orangeworm life cycle because an increasing number of eggs are laid on the new Values are mean Ϯ SEM. Means Ϯ SEM within a column followed by a different letter are signiÞcantly different at P Ͻ 0.05. a Treatments were applied May, at hull split (HS) and 14 d posthull split (PHS) (df ϭ 7, 142).
crop, resulting in increased survival and more rapid development compared with eggs laid on mummies . Our Þndings suggest that virgin female-baited (pheromone) traps are a more sensitive indicator of navel orangeworm population dynamics than egg traps.
There was an excellent correlation between infestation and damage in 2004 (Table 1 ). The remainder of this discussion will focus on damage. The navel orangeworm was the primary pest in this study, and the oriental fruit moth was the most damaging secondary pest for both cultivars (Table 1) . Multiple insecticide treatments with methoxyfenozide reduced total lepidopteran, navel orangeworm, and obliquebanded leafroller damage in Nonpareil almonds more than a single hull split application with the insecticides phosmet and permethrin. Three applications, including an April treatment targeting egg hatch of the Þrst ßight, provided the greatest reduction in both total and navel orangeworm damage. In the 2004 trial, we could not determine whether methoxyfenozide was superior to phosmet and permethrin, because the latter two broad-spectrum insecticides were only applied at hull split ( Table 2 ). The most effective treatment reduced navel orangeworm damage by 68%, obliquebanded leafroller damage by 70%, and oriental fruit moth damage by 77%. In Sonora almonds, multiple applications reduced total lepidopteran and navel orangeworm damage more than a single application, but all treatments were equally effective for oriental fruit moth and obliquebanded leafroller. The most effective treatment reduced navel orangeworm damage by 73%, oriental fruit moth damage by 67.8%, and obliquebanded leafroller damage by 33%. In 2004, there was high pressure by navel orangeworm; three applications of methoxyfenozide signiÞcantly reduced damage in both cultivars but not below our desired threshold of 1.5% damage.
The treatments in 2005 provided a direct contrast between phosmet and methoxyfenozide as single hull split applications, as well as between hull split and posthull split applications. The multiple applications contrasted inclusion of a May spray targeting the Þrst ßight of navel orangeworm with sprays bracketing hull split, as well as inclusion of phosmet as the hull split application. Damage in 2005 was lower in both cultivars (Table 3) ; Nonpareil nuts sustained the greatest damage. The navel orangeworm was the primary pest, but in contrast to 2004, the peach twig borer was the dominant secondary pest in Nonpareil nuts, whereas the oriental fruit moth was the dominant secondary pest in Sonora nuts, as in 2004. In Nonpareil almonds (Table 4) , for a single hull split application, there was no difference in total lepidopteran, navel orangeworm, and obliquebanded leafroller damage between phosmet and methoxyfenozide. Also, there was no difference in efÞcacy of a single hull split treatment compared with a single posthull split treatment with methoxyfenozide. All single treatments were ineffective for peach twig borer and oriental fruit moth. Among the multiple treatments, those regimes with a May application were most effective at reducing total and navel orangeworm damage. All multiple application regimes had the same effect for peach twig borer and oriental fruit moth. When total lepidopteran, navel orangeworm and oriental fruit moth damage were assessed, phosmet applied at hull split and methoxyfenozide applied at posthull split were not as effective as methoxyfenozide applied at hull split and posthull split. The most effective treatment, three sprays beginning in May, reduced navel orangeworm damage by 46.8%, peach twig borer damage by 53.3%, oriental fruit moth damage by 72.2%, and obliquebanded leafroller damage by 78.9%. In Sonora almonds, all single applications were equally efÞcacious but multiple applications reduced damage the most (Table 5) . When multiple applications were evaluated, a May spray followed by either a hull split and posthull split or only a posthull split application had the lowest damage. There was no difference in damage when phosmet or methoxyfenozide was applied at hull split. When each pest species was assessed, the multiple treatments were equivalent.
In 2004, the greater damage seen in Sonora nuts compared with Nonpareil nuts may mean that Sonora shells were more easily penetrated than those of Nonpareil. However, in 2005, this trend reversed, with a slightly greater level of damage seen in Nonpareil nuts. Both Nonpareil and Sonora almonds have been described as having thin, papery shells (Soderstrom 1977, Kester et al. 1984) , which would presumably have similar susceptibility to damage by lepidopteran larvae. Sonora nuts mature more slowly than Nonpareil nuts and are exposed to potential damage by lepidopteran pests for a longer period than Nonpareil, but they may not be the preferred host until Nonpareil nuts are harvested. Crane and Summers (1971) found that navel orangeworm was more prevalent in Nonpareil when both Nonpareil and ÔPeerlessÕ ripening nuts were present, but after Nonpareils were harvested, increased numbers of all stages of navel orangeworm were found in Peerless trees, and the percentage of infested kernels increased from 2.6 to 6.0%. In our study, the differences in damage between the Nonpareil and Sonora almonds may reßect host preference factors combined with length of time that nutmeats are exposed to oviposition, also considering that hull split applications were optimally timed for Nonpareil and not Sonora hull split. In this study, methoxyfenozide applied by airblast sprayer was very toxic to eggs (or eggs and emerging neonates) and reduced survival by 96 Ð99%. Borchert et al. (2004b) reported that methoxyfenozide was even more toxic when eggs were laid on treated fruit. If this Þnding can be applied to navel orangeworm, it provides additional justiÞcation for applying methoxyfenozide at the initiation of hull split or when oviposition is beginning, rather than when oviposition is well underway. Methoxyfenozide has excellent persistence on pistachios, Ͼ30 d ) and should provide protection to almonds if applied early. This recommendation is in agreement with the current application instructions for methoxyfenozide. If a posthull split spray also is used, depending on application coverage, Nonpareil and later maturing cultivars of almonds should be protected from navel orangeworm until harvest.
In conclusion, methoxyfenozide efÞcacy was equal to or greater than that of the organophosphate phosmet. Multiple applications of methoxyfenozide were superior to single applications at hull split or posthull split against the lepidopteran pests assessed. The greatest navel orangeworm reduction was achieved when a spring spray was combined with sprays bracketing hull split. A spring application is customarily used to control peach twig borer, and it may be possible to optimize insecticide timing so that a single spray of methoxyfenozide provides control for both peach twig borer and navel orangeworm, especially when combined with a springtime sanitation program. Control strategies combining a peach twig borer and navel orangeworm insecticide application are currently being assessed in the Sacramento Valley (F. Zalom, personal communication) . Our data on the toxicity of methoxyfenozide to navel orangeworm eggs suggest that early application at initiation of hull split may provide the greatest control. Research on optimal timing of ovicidal treatments will continue. None of the programs tested here were able to reduce damage below our threshold of 1.5% in the presence of heavy navel orangeworm pressure. The use and timing of multiple applications of a single insecticide over the whole season requires careful consideration, due to the potential of insecticide resistance development as a result of targeting multiple generations of navel orangeworm and other coincident species. Cross-resistance to methoxyfenozide has been shown for orchard populations of obliquebanded leafroller routinely exposed to azinphos-methyl (Smirle et al. 2002) . It is important to carefully integrate all available control methods such as mating disruption, sanitation, early harvest, and reduced-risk insecticide treatments to reliably protect the nutmeats from economic pest damage.
